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CO1 and N2
1 are separated with resolution of 11,000 [full width half maximum (FWHM)]
using a conventional quadrupole mass spectrometer by applying square wave voltages to the
entrance and exit lenses to trap or reflect the ions for multiple passes. A resolution of 22,000
(FWHM) with 63% of the total signal remaining is attained using multiple passes when ions
are stored between injection pulses. Gated ion extraction also reduces the mass shift and
number and intensity of artifact peaks and permits better resolution compared to the
performance obtained when the ions are injected continuously. (J Am Soc Mass Spectrom
2000, 11, 407–415) © 2000 American Society for Mass Spectrometry
The quadrupole mass analyzer has become a stan-dard instrument for chemical analysis [1–6].These devices are generally limited to unit mass
resolution. The conditions for ion stability and trans-
mission through a quadrupole mass filter are expressed
using the stability diagram [7], which is based on
solution of the Mathieu equations of ion motion using
the reduced parameters a and q:
ax 5 2ay 5 4eU/mv
2r0
2
qx 5 2qy 5 2eV/mv
2r0
2
where x and y 5 lateral axes across the quadrupole
entrance, e 5 ion charge, U 5 dc voltage applied to
rods, m 5 ion mass, v 5 angular frequency of applied
rf voltage, r0 5 inscribed radius between rods, and V 5
applied rf voltage.
Most quadrupoles employ the first stability region
(a ; 0.2, q ; 0.7). Different researchers have obtained
high resolution with a quadrupole mass analyzer by
using alternative stability regions [8]. Dawson and
Binqi [9] first studied the second stability region (a ;
0.03, q ; 7.56) and resolved 131Xe1 from 12C3
19F5
1 ions
at a kinetic energy of 300 eV. Douglas and co-workers
[10] utilized this stability region to resolve 56Fe1 from
40Ar16O1 in inductively coupled plasma mass spectro-
metry. Other workers utilized other stability zones such
as the third stability region (a ; q ; 3) to obtain high
resolution [11–13].
Another way to obtain high resolution with a quad-
rupole was demonstrated by de Maack et al. [14],
Mitseki [15], and Beaugrand [16], who applied an
additional sine wave to the rods of the analyzer. This
sine wave was found to narrow the range of m/z values
associated with the stable trajectories and thus improve
the resolving performance of the quadrupole without
changing the U/V ratio applied to the rods.
Quadrupole rods usually have a fundamental limit
to resolution governed by the mechanical accuracy of
construction of the rod assembly. For a given set of
rods, the main limitation on resolution is the number of
rf cycles an ion spends inside the rods [7, 8, 10, 17],
which is related to the flight time and kinetic energy of
the ions. The maximum resolution R is roughly propor-
tional to the square of the number of rf cycles:
R a n2 a mf2L2/zVz
where n is the number of rf cycles, f 5 frequency of rf
voltage applied to the rods 5 v/2p, L 5 length of rods,
z 5 ion charge, and Vz 5 potential difference between
source and mass analyzer, i.e., zVz is the ion kinetic
energy inside the mass analyzer.
Several workers have achieved high resolution in a
quadrupole mass analyzer by (a) increasing the elec-
trode length L [18], (b) increasing the frequency f [19],
and (c) decreasing the kinetic energy of the ions Vz [20].
Each of these methods has well-known limitations. For
example, at very low kinetic energy, the ions spend too
much time in the fringe fields where their trajectories
are unstable.
Because resolution is proportional to n2, even a
modest increase in n could provide a substantial im-
provement in resolution. Our earlier work showed the
feasibility of obtaining high resolution by reflecting or
trapping ions inside a quadrupole [21]. Such improve-
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ments in resolution are also seen with the quadrupole
ion trap; Cooks and co-workers obtained high resolu-
tion in the ion trap by scanning the ions out slowly in
the resonant ejection mode [22]. One important differ-
ence between our work and the quadrupole ion trap is
as follows. With the quadrupole ion trap, ions of a range
of m/z values are usually trapped initially. The spec-
trum is obtained by scanning the ions out one m/z value
at a time. In our experiment, only ions of a selected m/z
value are trapped.
Several other papers are also pertinent to the concept
of reflecting ions inside a quadrupole mass filter or
time-of flight device. Enke and co-workers [23] pulsed
the voltage applied to the ion lens in front of an rf-only
quadrupole collision cell to trap ions and increase the
opportunity for ion–molecule reaction. Douglas and
co-workers [24] used a pulsed lens to gate the ions in
front of a two-dimensional ion trap. Marshall and
co-workers [25] employed a linear ion trap for Fou-
rier transform ion cyclotron resonance mass spectro-
metry in which ions are reflected back and forth
through a quadrupole structure inside an axial mag-
netic field. Hanson [26] and Hakansson et al. [27]
have recently demonstrated improved resolution in
time-of-flight mass spectrometry with an extended
ion path via multiple reflections between a pair of
reflectrons.
Usually, ions from the source are produced, ex-
tracted, and injected into the quadrupole continuously.
Wollnik and co-workers [28] describe a pulsed storage
ion source that generates ions continuously, stores
them, and releases them only in short bursts (10 ms). In
the present work, the voltage applied to the ion extrac-
tor lens is pulsed and synchronized to the square wave
voltage applied to the quadrupole entrance lens. A
finite batch of ions is extracted from the source and then
injected into the quadrupole. This gated ion extraction
reduces the severity of stray “artifact” peaks observed
when the ions are injected continuously.
Experimental
Instrumentation
The apparatus is a triple quadrupole mass analyzer
(TSQ 4500, Finnigan MAT) with the second and third
quadrupoles in rf-only mode (Figure 1) [21]. Ions are
produced by an electron impact source with 70 eV
electrons and a repeller voltage of 115 V. The voltage
on the grid (45 mesh lines/cm, wire diameter 0.28 mm)
between L1 and V1 (Figure 1) was 270 V. The spectra
shown below are averages of ;10 slow (;1 s) scans.
The dc and rf voltages that change the stable m/z
through the quadrupole are not linked to the reflecting
voltages and are changed much more slowly than the
reflecting voltages.
Adjustment of Reflecting Voltages, Continuous Ion
Extraction
For low resolution the first quadrupole is operated in
the traditional single pass mode. In high resolution
(multiple pass) mode a square wave (amplitude ; 100
Vp-p, frequency ;50 kHz, period ;20 ms, rise time ;86
ns, fall time ;56 ns) is applied to the entrance and exit
lenses of the first quadrupole (V1 and V2 in Figure 1).
Meanwhile, L1 is kept at 230 V, so ions are extracted
from the source continuously. In this mode, ions are
injected into Q1 when V1 is 250 V, i.e., half of the time.
Within the duration of the negative voltage on V1 (20
ms) these ions travel through Q1 (i.e., from left to right
in Figure 1) until they are reflected by the 150 V on V2.
These reflected ions travel backwards (from right to
left) in Q1 toward the source. Meanwhile, V1 is changed
to 150 V, so this batch of ions is reflected again in the
original direction back through Q1 towards V2. Even-
tually some of the ions escape through V2 into Q2, pass
through Q3, and then strike the detector.
Gated Ion Extraction
In this mode, the ions are injected into Q1 only while
the voltage on L1 is 230 V (Figure 1). While this batch
of ions is reflected back and forth, a positive potential of
130 V is applied to L1 for ;100 ms. This positive
potential on L1 traps and stores the ions in the electron
beam inside the source until the voltage on L1 is
changed and a new batch of ions is extracted.
At first the resolution of the mass analyzer is set to
Figure 1. Apparatus for reflecting ions through a quadrupole
mass analyzer. Nominal voltages and times are shown; these
parameters are adjusted empirically to produce the resolution and
peak shape desired for ions in each m/z range of interest.
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obtain a low resolution spectrum with the usual nega-
tive dc voltages on the ion lenses. The conventional
resolution setting, i.e., the ratio of U/V, is not changed
further. Once the mass range is calibrated, the reflecting
voltages are applied to V1 and V2 to obtain an initial
high resolution spectrum. The frequency and amplitude
of the square wave output from the function generator
are then manually fine tuned to produce the desired
peak shapes and resolution in the particular m/z range
of interest. Once a high resolution spectrum is obtained,
the voltage applied to L1 is also pulsed as shown in Fig.
1.
Samples
Gases were obtained from Air Products. The calibration
compound perfluorotributylamine (PFBK, CF43) was
obtained from Scientific Instrument Services (Ringoes,
NJ). The samples were introduced into the source by a
gas inlet line.
Results and Discussion
Continuous Ion Extraction
Shown in Figure 2 are mass spectra of air taken in both
single pass and multiple pass modes of operation. Some
significant artifact peaks are obvious in front of the O2
1
peak in the high resolution mode. These are described
in detail later. The nominal value of m/Dm improves to
1500 (50% valley) at m/z 5 32. The peak height in high
resolution is ;5% of that at low resolution. The spec-
trum in Figure 2 has more O2
1 than N2
1 due to the
enclosed geometry of the source, which promotes ion–
molecule and charge transfer reactions of N2
1 to form
NO1 and more O2
1 than expected from air.
In order to test the analyzer at higher m/z values, a
sample of perfluorotributylamine was analyzed. Low
and high resolution spectra of the ions CF3
1 and C4F9
1
from perfluorotributylamine are shown in Figure 3. In
multiple pass mode, the nominal value of m/Dm im-
proves to 2100 (50% valley) at m/z 69 and 6600 (50%
valley) at m/z 219. At m/z 69 and 219 the peak heights at
high resolution are ;8% and ;6% of that at low
resolution. The background at high resolution is due to
noise from the data acquisition system, not from the
reflection technique. The frequencies of the square
waves in high resolution mode were selected to corre-
spond to a period of ;20 ms.
Spectra are shown in Figure 4 for a mixture of N2 and
CO with 20 eV ion kinetic energy. The ions CO1 (m/z 5
27.99437) and N2
1 (m/z 5 28.0056) can be separated with
a resolution of 11,000 with about 10% of the original ion
signal remaining. The first peak disappears if CO is
removed from the source (data not shown), which
proves the two ions are indeed separated. A small peak
plateau appears at the high m/z side of the peak for N2
1
in the high resolution spectrum in Figure 4. This peak
plateau is less severe than that observed in the initial
studies [21].
In these experiments there is often a peak shift to a
higher apparent mass value. In other words, in multiple
pass mode the peaks sometimes appear at higher ap-
plied voltages than those required in single pass mode.
This mass shift was found to be approximately one m/z
unit. Calibration of the mass scale is necessary with a
quadrupole anyway. The peaks shown here are plotted
back at the original, known m/z. The separation be-
tween CO1 and N2
1 also is greater than that expected
from the original m/z range of the quadrupole. It
Figure 2. Single pass (top) and multiple pass spectra (bottom) for
air with continuous ion extraction. The peak heights have been
normalized. Peak heights are given for comparison, and artifact
peaks are labeled with asterisks in these and subsequent figures.
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appears that the multiple pass mode can also expand
the width of the m/z window about a peak.
Figure 4 shows that few stray peaks are observed in
the mass spectra if the scan window is narrow (one
mass unit). Such stray peaks are much more severe if
the scan window is more than one mass unit and if
several ions of similar m/z value are injected from the
source (Figure 2). Figure 2 shows two such satellite
peaks in front of the O2
1 peak of the mass spectra. These
satellite peaks could be due to ions at m/z 5 32 that
escape after fewer passes than those that produce the
third, sharp peak at m/z 5 32. They could have other
causes described below.
In terms of sensitivity, the results in Figures 2 to 4
show ;90% to 95% loss of signal in multiple pass mode.
This compromise in sensitivity is similar to that usually
observed with alternative stability regions and mag-
netic sectors. In addition, the peak shape was more
symmetrical than that obtained in the initial experi-
ments with the multiple pass quadrupole [21].
Effect of Gated Ion Extraction
One of the original objectives of this project is to
improve resolution without a large loss of sensitivity.
Thus, ions are injected whenever V1 is negative (Figure
1), so the duty cycle is roughly 50% for the experiments
described above. However, the inability to keep new
ions out of the mass filter while one batch of ions is
being mass analyzed could contribute to artifact peaks
and the apparent shift of the m/z scale. This section
shows the effects of restricting ion injection to a 10 ms
pulse during only one of the negative pulses on V1.
To resolve a mixture, CO and N2 were introduced
into the gated source. Figure 5 shows the mass spectra
Figure 3. Scans for CF3
1 (m/z 5 69) and C4F9
1 (m/z 5 219) in
single pass (dotted line) and multiple pass (solid line) modes,
continuous ion extraction.
Figure 4. Single pass (top) and multiple pass spectra (bottom)
with continuous ion extraction. CO1 and N2
1 are separated to
baseline with a resolution of 11,000 (50%).
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in both single and multiple pass modes. In the multiple
pass spectrum, the CO1 peak disappears when CO is
removed from the source (dotted line). The numerical
value of m/Dm improves to 22,000 (50% valley) with
63% of the original signal remaining. With gated ion
extraction, CO1 is separated more extensively from N2
1
with a much greater fraction of the ions remaining than
is the case when the ions are injected continuously.
It is more difficult to obtain high resolution with a
single set of reflecting conditions for a mixture of
several ions in a wider m/z window. The solid line in
Figure 6 shows the mass spectrum of Kr in a multiple
pass mode. Here the reflecting voltages V1 and V2 were
100 Vp-p. The voltage on the grid lenses was approxi-
mately 230 V. Only a finite ion batch with a duration of
10 ms was injected into the multiple pass quadrupole
mass analyzer. A numerical value of resolution m/Dm
;1200 (50% valley) is obtained while scanning for a
wider mass range (m/z 5 80 to 87). A further improve-
ment in resolution is obtained if the reflecting condi-
tions are optimized only for a one unit mass window
(m/Dm ; 2000 at m/z 84).
With the mass analyzer in multiple pass mode, the
ion signal for all Kr ions with gated ion extraction
actually increases significantly compared to that ob-
tained with continuous ion extraction. The peak heights
in the high resolution mode are almost one third of
those in the low resolution mode. This spectrum at high
resolution still resembles that of Kr. Although some
artifact peaks (shown by asterisks) are apparent, there
are many fewer such artifact peaks and they are much
less intense than those observed if continuous ion
extraction is used. Also, none of the peaks in Figure 6
have been shifted. The shift of m/z position is less severe
than that observed with continuous ion extraction. The
slopes of the high m/z sides of the Kr peaks in high
resolution mode resemble the slopes in the low resolu-
tion mode, which suggests that use of a quadrupole
with high abundance sensitivity could help improve the
resolution further.
Figure 7 shows the mass spectra of CF3
1 and C3F5
1
from perfluorotributylamine. In multiple pass mode,
the numerical values of resolution (m/Dm ;50% val-
ley) are ;1200 at m/z 69 and ;1900 at m/z 131. The peak
height at m/z 69 at high resolution is actually ;20%
more than that at low resolution, whereas use of mul-
tiple passes reduces the signal by 65% at m/z 131. As
shown in the bottom frames of Figure 7, the resolution
for each of these ions can be improved further to 1700
and 3500 with a moderate sacrifice in sensitivity. These
improvements are obtained by further adjustment of
the amplitude and frequency of the trapping square
waves (Figure 1).
When the quadrupole is operated in low resolution,
single pass mode with gated ion extraction, a slight
increase in ion signal is observed compared to that
obtained with continuous ion extraction. Thus, ions can
Figure 5. Single pass (top) and multiple pass spectra (bottom)
with gated ion extraction. CO1 and N2
1 are separated at better
than baseline with a resolution of 22,000 (50%). The dotted line is
the spectrum obtained with only N2 added to the source.
Figure 6. Scans of Kr1 isotope peaks in single pass (dotted line)
and multiple pass modes (solid line) with gated ion extraction.
The peak heights have been normalized; the peak heights in the
high resolution spectrum are ;33% of those in the low resolution
one.
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be stored in the source for at least 100 ms with little or
no loss in sensitivity, in agreement with the observa-
tions of Wollnik and co-workers [28].
Artifact Peaks and Mass Shift
Using the multiple pass high resolution mode, addi-
tional poorly reproducible peaks often appear in the
spectra. These artifacts are shown by asterisks in the
various figures. None of the artifacts are due to either
fragment ions or isotope peaks. The main peaks and the
artifacts all vanish if the sample is removed, so the
artifacts are all ions of the sample compound that
somehow appear at different m/z values than the main
peak.
Careful analysis of the spectra in high resolution
mode allows classification of these artifacts into two
types:
(a) Satellites close to the main peak. For a given ion
and set of reflecting conditions, these satellites are seen
consistently. For example, all the spectra in Figure 7
have either a shoulder or a tail on the high mass side.
(b) Other artifacts distant from the main peak. Ex-
amples are shown by the marked peaks at m/z ;82.5 in
Figure 6 and at m/z ;64.5 in Figure 8b. These artifacts
are less common and their intensities and m/z positions
are less reproducible than the satellites mentioned
above.
In general, artifact peaks are most troublesome for
samples like Kr or Xe that produce several peaks within
a m/z window a few Da wide. It is much easier to obtain
high resolution when the ions are present only in a
narrow m/z range (like CO1 and N2
1) or when the peaks
are widely separated like those from PFBK. The spectra
obtained with gated ion injection have fewer artifact
peaks of lower intensity than those obtained with
continuous ion extraction. In addition, with gated ion
injection the mass shift of the main peak is less severe.
Therefore, it is much easier to optimize the reflecting
voltages and frequencies with gated ion extraction,
Figure 7. (a) Scans for CF3
1 (m/z 5 69) in single pass (dotted line) and multiple pass mode (solid line)
with gated ion extraction. The m/z values of the high resolution peaks have not been shifted. (b) Scans
for C3F5
1 (m/z 5 131) in single pass (dotted line) and multiple pass modes (solid line) with gated ion
extraction.
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since fewer artifact peaks crop up during the adjust-
ment process and the spectra are much more consistent.
Nevertheless, artifacts can still appear, as indicated by
the two spectra taken under identical conditions in
Figure 8.
Comparison of the total area of all the peaks dis-
played in Figure 8 illustrates a typical relationship
between the transmission, resolution, and the severity
of artifacts. These spectra were obtained in close suc-
cession under the same reflecting conditions. Figure 8a
shows that the main peak is narrow when relatively few
total ions are present. In Figure 8b, the total area of all
the peaks increases by about a factor of 2, the main peak
is broader, and the artifacts are more numerous and
more intense.
These latter observations suggest that space-charge
effects inside the quadrupole could contribute to both
the apparent m/z shift and the observation of artifact
peaks. Such problems have been described for the
quadrupole ion trap, in which ions of a range of m/z
values are usually stored and then ejected in a m/z-
selective fashion. Excess ion density in the quadrupole
Figure 8. Scans for CF3
1 (m/z 5 69) at high resolution, gated ion extraction. The same reflecting
conditions are used for the two scans. The total area of all the peaks in b is approximately twice that
in a.
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trap can either shift the peak position [29] or cause
“ghost” peaks [30]. In the quadrupole mass filter used
in the present work, only ions within a narrow m/z
window are trapped. Other ions should be removed by
the normal filtering action of the quadrupole field,
which would be expected to minimize space-charge
problems. However, for samples like Kr, the undesired
ions are close to the m/z value selected, and perhaps the
other Kr isotopes are removed slowly enough that these
problems occur anyway.
Another possible general cause of artifact peaks is
nonidealities in the quadrupole field. Todd et al. [31]
report the presence of “ghost” peaks caused by hexa-
pole, octopole, and higher order fields in the quadru-
pole ion trap. These ghost peaks occur when a portion
of a given m/z ion population is prematurely ejected at
one of the nonlinear resonance lines. This gives rise to
one or more additional peaks at lower m/z than the true
value. These nonlinear resonance ghost peaks disap-
peared at a particular cutoff pressure of the buffer gas.
A similar observation of the presence of anomalous
peaks at lower m/z values is reported by Lammert and
Wells [32].
In our experiment, the reflecting voltages themselves
could provide nonideal quadrupole fields or higher
order multipole fields like those described by Todd. The
square waves applied to the entrance and exit lenses
can be represented as the sum of sine waves of many
frequencies. Some of the applied reflecting potential
could couple capacitively from the lenses onto the rods,
or this potential can be present inside the mass filter
through the fringe fields. The reflecting voltages could
also provide an additional rf wave form analogous to
that used in the “resolver” quadrupole described by
Beaugrand and co-workers [14–16, 33].
Conclusion
These studies confirm and improve upon our initial
results [21] that simply reflecting or trapping ions inside
a quadrupole can indeed increase the resolution with-
out a disastrous loss of sensitivity. In particular, the
trade off between resolution and transmission can be
made much less severe in the present work. With this
set of reflecting conditions and continuous ion extrac-
tion, the resolution improved by twofold and the trans-
mission increased by eightfold compared to the previ-
ous results. With gated ion extraction, a resolution of
22,000 can be achieved at m/z 5 28 with over half of the
original sensitivity remaining. These resolution values
could resolve most of the more serious multiplets in
atomic mass spectrometry applications such as induc-
tively coupled plasma-mass spectrometry (ICP-MS).
This performance would also be of use for organic mass
spectrometry. However, although the resolution can be
made fairly high, the peak position in high resolution is
not very stable, and accurate m/z measurements have
not been possible as yet.
Gated ion extraction was found to reduce, but not
eliminate, artifact peaks and peak shifts. In general,
these problems are less severe as the mass difference
between the ions of interest and neighboring ions
increases. These problems also increase when mixtures
of several ions in a small m/z window are analyzed.
Overall, these problems are reminiscent of similar ef-
fects observed in quadrupole ion traps, which suggests
they may be caused by related phenomena such as
space-charge effects and nonidealities in the quadru-
pole potential. Little signal is lost by gated ion extrac-
tion, which shows that ions can be stored effectively in
the electrons inside an electron impact source, in agree-
ment with the observations of Wollnik and co-workers
[28]. Alternatively, ions could be stored in an rf multi-
pole for application of gated ion injection with other ion
sources.
The present work demonstrates there is considerable
merit to the general concept of improving mass resolu-
tion by reflecting ions inside a quadrupole mass ana-
lyzer. If the remaining problems of instability of peak
position and artifacts can be overcome, there is some
possibility for (a) obtaining reasonably high mass reso-
lution in a small, compact instrument such as a bench-
top gas chromatography or liquid chromatography
mass spectrometry device, and (b) isolation and accu-
rate m/z measurements of parent ions at high resolution
for triple quadrupole mass spectrometry. Current work
in our lab also involves using this trapping technique to
resolve the problem of polyatomic ion interferences in
ICP-MS. Further experimental work on reflecting tech-
niques and basic modeling of the trajectories of the
reflected ion beam is needed to understand the trapping
process. In particular, little has been done to optimize
extraction of the trapped ions from the quadrupole or
ensure that all ions remain inside for the same number
of cycles.
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